Deltas provide diverse ecosystem services and benefits for their populations. At the same 34 time, deltas are also recognised as one of the most vulnerable coastal environments, with a 35 range of drivers operating at multiple scales, from global climate change and sea-level rise to 36 deltaic-scale subsidence and land cover change. These drivers threaten these ecosystem 37 services, which often provide livelihoods for the poorest communities in these regions. The 38 imperative to maintain ecosystem services presents a development challenge: how to develop 39 deltaic areas in ways that are sustainable and benefit all residents including the most 40 70 et al., 2015). Hence delta regions globally are experiencing increases in flooding, inundation, 71 salinization and erosion, enhancing hazards and impacting rural livelihoods and food 72 4 security. Analysis of change therefore requires an integrated or systems analysis of the 73 relevant drivers and their effects, including interactions. 76
The analysis considers three distinct scales: (1) global; (2) regional, including the river basin 159 and Bay of Bengal; and (3) the delta, including the study area (Figures 1 and 2) . 160 When considering the biophysical processes operating in the study area ( Figure 2 ), they all 161 affect the available land area within the delta plain and its potential uses (Woodroffe et al., 162 2006). There is a broad regional subsidence of two to three millimetres a year, and more 163 localised hotspots with higher subsidence (Brown and Nicholls, 2015; Higgins et al., 2014) . 164 There is both local loss and gain of land, with a net national gain of land over the last few 165 decades, reflecting the large sediment supply (Bammer, 2014; Wilson and Goodbred, 2015) . 166 River floods mainly occur during the wet season monsoon, when a large volume of water is 167 received from the upstream catchments. This results in 20-60 percent inundation of 168 Bangladesh annually (Salehin et al. 2007 ). Cyclones and storm surges regularly make landfall Coastal Bangladesh has a system of polders built starting in the 1960s where the land is 177 surrounded by embankments with drains to manage water levels and enhance agriculture. In 178 the long-term, polderisation both prevents sedimentation and promotes subsidence due to 179 drainage (Auerbach et al., 2015) . This degrades soil quality unless expensive fertilisers are 180 purchased, and makes drainage more difficult and increases potential flood depths when 181 dikes fail. The balance between sea water and freshwater is a critical issue in the study area 182 . This balance varies seasonally and salt water 183 encroaches further inland during the low river flow period between the annual monsoon rains, 184 and cyclones can also cause saltwater flooding by generating extreme sea levels (Kabir et al., 185 2015). If the land becomes too saline, traditional agriculture is degraded. If this persists there 186 are limited options: moving to salt-tolerant crops (which are being continuously developed) 187 or converting to brackish shrimp aquaculture which is usually for export and are associated 188 with negative socio-economic outcomes (Ali, 2006 processes that bring freshwater, sediments, productive and biologically diverse wetlands and 208 fisheries, and productive land for agriculture (Barbier et al., 2011) . Our focus is on 209 provisioning ecosystem services in agriculture, mangroves and fisheries dominated systems, 210 as well as regulating services such as buffering of storms provided by mangroves. The 211 benefits of these to society are considered as multiple dimensions of well-being including 212 health outcomes, material elements of well-being and perceptions of well-being.
213
The method that we follow to achieve this goal is summarised in Figure 3 . Governance 214 analysis and stakeholder engagement occur throughout the project, reflecting its participatory 215 nature. The method develops hypotheses concerning the relationship between ecosystem 216 services and livelihoods; and develops new typologies based on the characteristics of the 217 wider socio-ecological systems in deltas. We analysed population censuses and implemented 218 a household survey to collect data on ecosystem services and livelihoods. In parallel, we 219 analysed a range of biophysical processes in a consistent manner. To apply these results in 220 policy analysis full integration is required. To this end we developed a range of exogenous 221 and endogenous scenarios, including extensive stakeholder participation. We also develop an 222 integration framework and apply this to develop the Delta Dynamic Integrated Emulator 223 Model (ΔDIEM). ΔDIEM couples relevant biophysical processes and a unique household 224 livelihood module based on the household survey results collected within the project. Figure   225 3 provides an overview of the approach and each component is addressed in detail below. 
Conceptual Analysis and Framework

231
The focus of the ESPA Deltas project is on deltaic ecosystem services, and especially 232 provisioning ecosystem services. Hence, we develop a framework that focuses on the 233 mechanisms that link ecosystem services with social outcomes. These mechanisms are core 234 to all the following research tasks, including the design of the integrated model (Section 3.6).
235
This includes exploring hypotheses concerning the specific nature of development, poverty 236 and environmental trends within the GBM delta.
237
Explaining social outcomes of ecosystem service use within the GBM delta requires (see Hartmann and Boyce, 1983; Bebbington, 1999; Ribot and Peluso, 2003) . The social 246 mechanisms are manifest in measurable outcomesnotably the material well-being and 247 incomes of populations, their nutritional status and health outcomes, and in so-called 248 subjective well-beinghow people perceive their present and futures (Camfield et al., 2009 ).
249
A key insight of the approach here is that deltas are a mosaic of diverse social-ecological 
Governance Analysis and Stakeholder Engagement
280
The incorporation of stakeholder views and developing a detailed understanding of the role 281 and gaps of governance in connecting ecosystem services and poverty alleviation are 282 fundamental to our methodology. A highly structured approach was adopted to ensure that In Bangladesh, we selected national planning and policy processes as our target: this provided 
317
Additional efforts were made to incorporate governance metrics and indicators into the 318 integrated modelling process in order to try to capture the governance situation in future 319 projections, though significant difficulties were encountered with respect to linking these in a 320 meaningful way to biophysical, poverty and health-related indicators. As one approach to 321 overcome these problems, a post-hoc assessment of modelled interventions was performed in 322 the light of the governance findings, highlighting key steps that should be taken from a legal, 323 policy and institutional perspective to facilitate implementation of the specific intervention. The highest level of stratification for sampling was based on the seven most important socio- The objective of the data collection was not only to dissect the present-day ecosystem 375 servicespoverty nexus, but also to ensure that the baseline conditions, parameters and 376 behaviour that inform the integrated model are realistic (Section 3.6). The surveyed ~1500 377 households were grouped into 37 household archetypes based on seasonal livelihoods and 378 land ownership and these archetypal households were characterised by utilising this unique 379 dataset: assets, income, expenditure, levels of debt, diversity of and seasonality of livelihoods 380 and associated incomes/costs, food intake (among other factors) in ΔDIEM are all based on 381 this empirical data.
383
In addition, to supporting the development of ΔDIEM, the survey data has many other 384 potential applications, and there is potential to repeat the survey to understand inter-annual 
Biophysical Analysis and Models
389
The ecosystem services available in the study area depend in large part on the biophysical 390 environment. A quantitative approach using state-of-the-art models was adopted. While this 391 has a time penalty when setting these up, it allows us to explore and understand coupling and 392 feedbacks between different processes and drivers, as well as consider different policy 393 interventions. Hence, a range of relevant state-of-the-art biophysical process models have been 394 selected, implemented and validated for the GBM delta and/or surrounding region. In general, 395 each of these models had been developed previously, for different locations and applications.
396
After being implemented appropriately for the study area, they were loosely coupled to provide 397 a cascade of information and insight. They have been run for a range of future climate and 398 socio-economic scenarios (Section 3.5) and the outputs have also been used to build the 399 integrated ΔDIEM model as explained in Section 3.6. If further queries arise during the 400 integration, the detailed models are available for further analysis.
401
Quantitative process models are often applied to individual components of a biophysical 402 system in isolation. However, we take the novel and challenging approach of attempting to link 403 a suite of models of different parts of the system and allowing them to interact with each other 404 as illustrated in Figure 4 . This allows insight into the complex inter-dependencies and 405 relationships within the biophysical system. Once these models were implemented and 406 validated against historical data, we assume that the underlying physics/biology is unchanged 407 and make future projections based on changing input data and forcing. To a great extent the 408 natural ecology and human utilisation of the delta system is determined by the physical (Brown and Nicholls, 2015) .
424
For catchment hydrology, the semi-distributed INCA model is applied to the entire GBM 425 river system. This shows that climate change is likely to increase the peak flows into 426 Bangladesh during the monsoon period, but that low flows may be more variable and more 427 extended. There is a major threat to water availability from the water transfer plans for the However, the indirect impact of SLR is via the increase in surface river salinity which in turn 450 contributes to groundwater salinity. In addition, another potential driver of groundwater 451 salinity change is increased groundwater abstraction in the areas north of the study area.
452
The GCOMS global framework has been adapted for the Bay of Bengal and simulations to 453 2100 have been completed for three climate and three socio-economic scenarios. These long We developed three future socio-economic scenarios: Less Sustainable (LS); Business As 494 Usual (BAU); and More Sustainable (MS). These scenarios are devices for engaging with 495 stakeholders, and no absolute inferences were made with respect to the actual sustainability 496 of any of these scenarios: this is assessed with ΔDIEM. BAU is defined as the situation that 497 might exist if existing policies continue and development trajectories proceed along similar 498 lines to the previous 30 years. LS and MS are alternatives that are broadly less or more 499 sustainable than BAU. The scenario approach allowed us to take the stakeholder issues of 500 concern and project how they might look in 2050, on the basis of the ensemble of downscaled 501 climate models defined in Section 3.4.
502
As part of the stakeholder engagement process described in Section 3.2, the main issues in 503 the delta that were of concern to stakeholders were derived through a series of interviews and 
525
Note that there were limits to the incorporation of a significant proportion of the scenario 526 elements in the quantitative analysis, especially those related to governance. This is a topic 527 for further research.
528
These socio-economic scenarios are linked to the expert demographic and land use scenarios.
529
Hence, the climate and socio-economic scenarios are combined in a three by three matrix, In ΔDIEM the hydrodynamics of the coastal zone was captured by the three-dimensional 562 Delft-3D, FVCOM and Modflow-SEAWAT models for three time-slices, and sophisticated 563 emulators (cf. Hotelling, 1936; Clark, 1975; Challenor, 2012) were created to represent these 564 (surface and groundwater) hydrological and water quality processes within ΔDIEM.
565
Emulation of these complex model results was essential to reduce the computational time and 566 to interpolate the available simulations. A novel, regional soil salinity component of ΔDIEM 567 was also developed that fully couples the climatic, hydrological and land management drivers in Figure 5 ). The loop can then be re-iterated multiple times, allowing investigation of the 623 problems of the GBM delta, and possible solutions including trade-offs. 624 We have worked with stakeholders to define the types of intervention that could be represented In terms of the question concerning the physical and biological processes which affect life, 668 livelihoods, health and mobility, important insights have emerged as outlined below, and will 669 continue to emerge from this analysis. With respect to the stability of the relationships as 670 regards biophysical process, and hence predictability over time, our assumption that they are 671 unchanging is reasonable and normal. For socio-economic issues this assumption is less 672 justifiable and we have had to review the literature in order to inform our understanding of 673 the stability of the relationships over time. These assumptions are explicit and will be 674 investigated into the future both in Bangladesh and using appropriate analogues elsewhere. 675 However, we recognise that the timeframes at which the socio-economic results are useful is 676 much shorter than for the biophysical results.
677
This hybrid integrated framework has allowed a move away from an ad hoc, external expert 678 or purely indicator-based approach and provided an opportunity to explore the interactions 679 between domains of knowledge as diverse as oceanographic modelling and perception-based 680 assessments of well-being. In this approach, while the analysis is complex, the assumptions 681 are explicit and have been debated, challenged and changed as our knowledge grows and the 682 detailed questions being posed evolve with this understanding. Hence, it provides an explicit 683 analytical framework and forces the user to identify, consider and explore the limits to 684 knowledge.
685
ΔDIEM depends upon systems analysis and simulation modelling. Given the difficulty of 686 predicting change in all of the systems considered here, such simulation modelling could be 687 regarded as being almost naïve. We recognise the limits to what we represent in our models, 688 but we sought to represent all the relevant processes and their interactions. Developing and 689 linking models was a key process within the project team that facilitated development of our 690 conceptual ideas, promoted detailed discussion between different discipline experts, as well 691 as developing the ΔDIEM software. As we gain experience we will continue to explore the 
703
Building these types of co-produced analytical tools represents a significant amount of effort 704 and resource, but we would argue that the new insights, capacity building, scientific and 705 policy applications and understanding generated justify this approach. The model framework 
Conclusion
715
This research provides a comprehensive approach that utilises a highly diverse range of data, 716 models and treatments intersected with strong and sustained participatory interaction with 717 stakeholders. The approach offers a transparent methodological approach to the analysing the 718 interface between diverse socio-economic and biophysical componentsin this case 719 sustainable livelihoods and ecosystem services in deltasissues that have often proven a 720 stumbling block for integration. One of the strengths of the approach is that it provides a 
733
Looking to the future, these methods could be applied more widely across other deltas, as 734 many issues are common. Cross-fertilisation with other research efforts in deltas such as the 735 Dutch delta plan (Van Alphen, 2015) and habitat restoration in the Mississippi delta (Coastal 736 Protection and Restoration Authority, 2013) may also be fruitful. As already noted, the 737 methods described are not delta-specific and could be applied in other coastal and non-coastal 738 contexts where strong socio-ecological coupling exists. As such, the spatial domain covered 739 in Bangladesh could be expanded and a national application has been discussed. 
